The glycolate/glycerate transporter of spinach (Spinacla oleraces L.) chloroplast inner envelope membranes was solubilized by treatment of the membranes with sodium cholate. Mixtures of the cholate extracts and soy asolectin were subjected to gel filtration to remove the detergent. The reconstituted vesicles were frozen, thawed, and sonicated in a buffer that contained 10 millimolar 
The oxygenation of ribulose-1,5-bisphosphate, catalyzed by Rubisco, produces phosphoglycolate and PGA,4 a substrate of the photosynthetic carbon reduction cycle. After phosphoglycolate is produced, its two carbons are committed to the "C2" or photorespiratory carbon cycle (see ref. 19 duced from two molecules of glycolate. Phosphorylation of D-glycerate in the chloroplast yields PGA, thus reclaiming three of the four carbons lost to the photosynthetic carbon reduction cycle when the two glycolates were formed. Because the reactions of the photorespiratory carbon cycle occur in three different organelles, membrane transport events are essential features of this pathway. In the case of the chloroplast, glycolate must move from the stroma to the cytoplasm across the inner envelope membrane and D-glycerate must go in the opposite direction. Our research has been concerned with these two transport activities. Experiments with intact chloroplasts have shown the transport ofglycolate (8, 10) and D-glycerate (12, 22, 23) to be mediated processes. We have found that glycolate and D-glycerate are competitive inhibitors of one another's transport, that each causes counterflow of the other, and that each affords protection to the other's transport against the inhibition caused by an NEM pretreatment of the chloroplasts (1 1, 12) . These results, which were obtained with intact pea chloroplasts, indicated that a single, carrier-type transporter is responsible for the movement of both glycolate and D-glycerate across the chloroplast inner envelope. The present reconstitution study, in which spinach inner envelopes were used as the starting material, provides further confirmation of the existence of a single glycolate/ glycerate transporter.
Previous work with intact chloroplasts has defined a number of kinetic and substrate specificity characteristics of the transporter (10) (11) (12) (13) . Because much of the present work is concerned with confirming these characteristics for the reconstituted system, we will review them briefly here. Unlike, for example, the chloroplast phosphate translocator (2), the glycolate/glycerate transporter does not catalyze a strictly coupled substrate exchange. Unidirectional influx or efflux occurs as a proton symport (proton binds first) or hydroxide antiport (10, 12, 14) . Because two glycolates leave the chloroplast for each D-glycerate that enters it during photorespiration, the proton symport activity can be viewed as a means ofbalancing the charge in the overall transport process. The net efflux of one proton per two glycolates can also be viewed as a means of moving protons produced in the Rubisco oxygenase reaction out of the stroma and into the cytoplasm. It has been suggested that mitochondrial glycine and seine translocators might function as H' symporters and thus catalyze the net uptake of one proton per two glycines (derived from two glycolates), (5) . There is evidence that a single transporter dria (27) . One H' per two glycines is consumed by mitochondrial glycine decarboxylation. The proton symport activity of the glycolate/glycerate transporter could thus be considered part of a system for shuttling protons from the chloroplasts to the mitochondria. A major kinetic consequence of the glycolate/glycerate transporter's mechanism is that the apparent Vm, is strongly dependent on the pH on the opposite side of the membrane (trans pH). Increasing trans pH stimulates the rate oftransport (10) . Compounds that are good substrates for the carrier (i.e. those found to be competitive inhibitors of glycolate transport and found to cause glycolate counterflow) thus far seem to be restricted to two or three carbon 2-hydroxymonocarboxylates (11, 13) . These include glycolate, glyoxylate (two hydroxyls on the number 2 carbon when hydrated), glycerate, and lactate. In the case of the chiral, three carbon molecules, the r-isomers are better substrates. Of physiological note in these results is the fact that glycolate and D-glycerate stimulate one another's transport from the opposite side of the membrane.
The transporter can be inhibited by a number ofsulfhydrylmodifying reagents including NEM (8, 10) , p-chloromercuribenzoate (12) , and HgCl2 (9, 10) . The inhibition by HgC12 is rapid, and this reagent has been useful as an "inhibitor stop" in transporter assays with intact chloroplasts (10) . The covalent modification and inhibition by NEM can be prevented if a transporter substrate is present during the treatment (8, 12, 13 (13) .
In the present paper we report the conditions for solubilization, reconstitution into liposomes, and assay ofthe glycolate/ glycerate transporter from spinach chloroplast inner envelopes. A partial purification has been achieved by glycerol gradient centrifugation.
MATERIALS AND METHODS

Materials
['4C]D-Glycerate was enzymatically synthesized and purified as described previously (12 Fig. 6A ). The retention after washing at pH 7.0 was the same as that of pH 8.0 in the presence of a saturating concentration of HgCl2. Trans inhibition of the transporter by protons (10) may account for the slow efflux of D-glycerate at pH 7.0. Unless otherwise noted, filters were washed with 5 mL of a medium that contained 5 mM HgCl2 at the same pH as the medium in which uptake took place.
Glycerol Density Gradient Centrifugation
Continuous 10 to 35% (w/v) glycerol density gradients (10.5 mL) were formed. The gradients also contained 10 mM Tricine-NaOH (pH 8.0), 2 mm DTT, 0.1% asolectin, and 0.4% cholate. Cholate extracts from 2.1 mg of spinach inner envelope vesicle protein, concentrated to 0.5 mL with a 10-kD Centricon filter (Amicon), were applied to the gradients. The tubes were centrifuged at 4°C for 20 h at 192,000g. Fractions of 350 ML were collected from the top. Fraction 32 was prepared by resuspending a small pellet of the bottom of the tube in 350 ML of 35% glycerol in the same buffer as the gradient fractions. Sonicated asolectin (95 ML of 20 mg/mL) was added to each fraction and gel filtration carried out as described above.
Other Procedures
Protein was determined according to the method of Markwell et al. (17) with corrections for a contribution ofasolectin. Bovine serum albumin was the standard. SDS-PAGE (11% acrylamide) was carried out according to the procedure of Fling and Gregerson (3) . Gels were stained with either Coomassie blue or silver (26) .
RESULTS
Development of Reconstitution and Transport Assay Procedures
The detergents Triton X-100, octyl glucoside, and sodium cholate were tested for their ability to solubilize proteins from pea inner envelope preparations (Fig. 1 ). An advantage held by both sodium cholate and octyl glucoside over Triton X-100, due to their high critical micellar concentrations, is the ease with which they can be removed as part of a reconstitution procedure. In preliminary solubilization experiments (K. T. Howitz, unpublished findings), cholate appeared to solubilize efficiently a polypeptide tentatively identified as (at least part of) the glycolate/glycerate carrier of pea inner envelopes (13) and to do so more selectively than octyl glucoside. We therefore concentrated our efforts on cholate in developing reconstitution and transport assay procedures. Proteoliposomes were produced by addition of soy asolectin to cholate solubilized inner envelope proteins, followed by gel filtration to remove cholate. The vesicles were exposed to two cycles of freeze/thaw and sonication. These reconstituted vesicles were found to contain an NEM and L-mandelate-sensitive glycolate efflux activity (13) . The assay procedure consisted ofpreloading the proteoliposomes with ['4C]glycolate during the freeze/ thaw and sonication steps ofthe reconstitution procedure and allowing efflux to occur as the vesicles were separated from the external medium on a "centrifuge column" (20) (25) . Although the quenching obtained with D-glycerate in this crude reconstituted system was likely due to transporter activity, the signal was unfortunately too weak to be useful as a routine activity assay in the course of a purification. In preliminary experiments, preparations de- rived from market spinach were found to be as active as those from pea seedlings. For convenience, market spinach was used as a source for large quantities of intact chloroplasts, and spinach chloroplast inner envelope preparations were used for all of the work reported here.
The transport assay outlined in Figure 2 relies on the phenomenon of counterflow. We have shown previously that the glycolate/glycerate transporter is capable of counterflow and thus can be described as a "carrier" (11 Under the conditions used for cholate extraction of chloroplast inner envelopes (see Fig. 2 ("control," Fig. 3D ). Because Figure 3D .
[14C]D-glycerate concentration was 0.4 mm in the experiment of Figure 3A , the maximum uptake of formerly external Efflux of labeled glycerate could be studied by using wash media without HgCl2. Vesicles were allowed to accumulate internal ['4C]D-glycerate for 30 s at pH 7.0, before filtration and washing (see legend to Fig. 6) ; 6 s were required to complete the wash. Because most of the external glycerate is lost early during the wash, efflux under these conditions is essentially under zero trans conditions. As expected from the behavior of the transporter in intact chloroplasts, efflux is dependent on the pH of the wash solution and increases with increasing pH of the wash medium (trans pH). Mandelate (phenylglycolate) was shown previously to inhibit glycolate transport in intact chloroplasts (13) . Although L-mandelate was a weak inhibitor of glycolate uptake when added together with glycolate to the external medium, L-mandelate strongly inhibited glycolate uptake when it was preloaded into intact chloroplasts (trans inhibition). Interestingly, D-mandelate was not inhibitory from the trans side of the membrane (13) . As shown in Figure 6B , L-mandelate inhibits ['4C]D-glycerate efflux when it is included in the wash medium. D-Mandelate, however, apparently stimulated efflux to some extent. Wash Conditions
Glycerol Density Gradient Centrifugation and SDS-PAGE Glycerol density gradient centrifugation of cholate extracts proved an effective means for partial purification of the transporter (Fig. 7) . The migration of the transport activity to a region of such a high Svedberg value is surprising. As noted in the introduction, differential labeling with NEM indicated that the transporter may include a 35-kD polypeptide (13) . This result could suggest that the transporter is a large, oligomeric protein or that it is aggregated or artifactually bound to another protein. The transport activity co-migrates on the gradient with residual Rubisco, which contaminates inner envelope preparations. Under the low ionic strength conditions used, the transporter may form a complex with Rubisco. The fact that glycerate and glycolate transport activity migrates in a similar way on glycerol gradients is further evidence that the two activities are catalyzed by the same transporter.
SDS-PAGE of inner envelope membrane proteins and proteins that reconstitute into liposomes from unfractionated cholate extracts and two fractions from the glycerol gradient are shown in Figure 8 . The large subunit of Rubisco (53 kD) is clearly evident in all samples. In this gel system, the small subunit runs at or near the front and is difficult to visualize. From the silver-stained gels, it is apparent that the density gradient centrifugation has led to an enrichment oftwo species that migrate on the gel as 36-to 38-kD proteins. The identity of the band at 29 kD is unknown, but it could be the phosphate translocator (4) . If this is the case, the density gradient procedure enriches glycolate/glycerate transport activity relative to the content of the phosphate translocator.
DISCUSSION
The glycolate/glycerate transporter can be solubilized from inner membrane vesicles, partially purified, and reconstituted into asolectin vesicles. This is only the second transporter of the inner envelope that has been partially purified in active form. The first is the phosphate translocator (4) .
The counterflow assay is rapid, convenient, and sensitive. ent with the operation ofthe transporter in the vesicles. Efflux is inhibited by HgC12 and is enhanced by a high trans pH. Moreover, L-mandelate, but not D-mandelate, inhibits efflux when present on the trans side of the membrane. All of these properties resemble those of the transporter in intact chloroplasts (1 1-13) .
Because of the nature of the assay, it is possible to make only approximate estimates of the rates of transport in the reconstituted vesicles. Such estimates would nevertheless be useful for the sake of comparison to previous measurements of transporter activity in intact chloroplasts. Lower limits for efflux rates can be derived using the data from the experiment described in Figure 6B and 
